Sexually selected ornaments are highly variable and the factors that drive variation in 29 ornament expression are not always clear. Rare instances of female-specific ornament 30 evolution (such as in some dance fly species) are particularly puzzling. While some evidence 31 suggests that such rare instances represent straightforward reversals of sexual selection 32 intensity, the distinct nature of trade-offs between ornaments and offspring pose special 33 constraints in females. To examine whether competition for access to mates generally favours 34 heightened ornament expression, we built a phylogeny and conducted a comparative analysis 35 of Empidinae dance fly taxa that display ornate female-specific ornaments. We show that 36 species with more female-biased operational sex ratios in lek-like mating swarms have greater 37 female ornamentation, and in taxa with more ornate females, polyandry is increased. These 38 findings support the hypothesis that ornament diversity in dance flies depends on female 39 receptivity, which is associated with contests for nutritious nuptial gifts provided by males. 40
3
Female-specific ornament evolution 75 Sexual selection in females is a well-documented phenomenon (Clutton-Brock 2009; 76 Shuker 2010; Hare and Simmons 2018) . However, female-specific ornament evolution remains 77 uncommon, even among taxa in which females experience relatively strong sexual selection 78 (Amundsen 2000) . In the rare cases when female-specific ornaments do evolve (Funk and are hypothesized to improve attractiveness to mates or as signals in intrasexual competition, 81 just as they do in males (Amundsen 2000) . However, there are several theoretical reasons to 82 expect that selection on females need not necessarily directly mirror the situation for males with 83 a male-biased OSR (Gwynne and Simmons 1990; Forsgren et al. 2004 ; Silva et al. 2010) . 84
Unlike in males, female gamete production is typically very costly (but for a review of 85 variation in spermatogenesis costs see Parker and Pizzari 2010), reproductive success is 86 limited more by gamete production than by access to mates (Trivers 1972) , and the expression 87 of expensive ornamental traits could come at a cost to fecundity (Fitzpatrick et al. 1995) . 88
Females can overcome any costs associated with ornamentation if they receive direct benefits 89 from mating, such as nutritious nuptial gifts (Vahed 1998 ; South and Lewis 2012) that 90 compensate for resource investment in ornament expression. However, males might still prefer 91 females who invest less in ornamentation (Fitzpatrick et al. 1995) , because by increasing their 92 attractiveness to potential mates, ornamented females are more likely to be polyandrous. Males 93 mating with attractive females are therefore more likely to encounter increased risk or intensity 94 of sperm competition within those females . The fact that selection on 95 females might heighten postcopulatory sexual selection on males may help explain why sex 96 differences in sexual selection for female-biased dimorphic traits are not consistently associated Increased levels of polyandry should produce predictable changes in the reproductive 100 morphology of males, including, for example, increased relative testis investment (Simmons 101 2001) . Relative testis size covaries with rates of female polyandry across diverse taxa (Parker 102 et al. 1997; Vahed et al. 2011) . Two complementary hypotheses are frequently invoked to 103 explain this relationship: numerical sperm competition (Gay et al. 2009 ) and male mating rate 104 (Parker and Ball 2005) , (for a review see Vahed and Parker 2011) . However, the cause-and-105 effect relationship between polyandry and testis size may not be as straightforward as originally 106 thought (Simmons 2001) ; population traits, such as the sex ratio, can influence how a male 107 allocates resources during copulation as well as his relative testis size (Reuter et al. 2008) . 108 Therefore, given the complexity of the link between polyandry and relative testis investment, 109 and the rarity of taxa displaying female-specific ornaments, to our knowledge predictions about 110 the relationships between female contest intensity, ornamentation, and male testis investment 111 have never been empirically tested. 112
In this study, we address these gaps in knowledge by building a molecular phylogeny of 113 some dance fly taxa for which lek-like swarm sex ratios have been measured. We then use a 114 comparative approach to ask 1) how contest intensity (as measured by OSR) covaries with 115 female ornament expression, and 2) how female ornament expression covaries with polyandry 116 (as measured by relative testis investment). 117
Methods

118
Study Species 119 6 dance flies approach displaying females in the mating swarm (Murray et al. 2018) to offer a 126 nuptial gift (often a prey item) in exchange for copulation. The male passes the nuptial gift to 127 the female prior to copulation, either in flight away from the mating swarm (Funk and Tallamy Sample collections for phylogenetic inference 144
Although dance flies are common in many parts of the world, swarming behaviour and 145 swarm sex ratios in most species have not been described. We sampled (using sweep nets) 21 146 species with known swarming sites from Scotland, UK and Ontario, Canada (Table S1) 
Morphological measurements 155
Morphological measurements were taken using a dissecting microscope connected to a 156 camera and analyzed using ImageJ (version 1.48) digital imaging software (Abràmoff et al. 157 2004) . To quantify continuous variation in leg and wing dimorphism across species, we took the 158 following external morphological measurements: femora and tibia lengths, wing lengths, thorax 159 lengths, femora and tibia areas, and wing areas. For paired characters we measured both right 160 and left sides and took the mean. When this was not possible because of damage to one side, 161
we measured only the undamaged side. 162
To estimate sexual dimorphism in pinnate leg scale for each species we took the square 163 root of total leg area (femora and tibia) for each leg (hind, mid and front) and scaled by total leg 164 length. We summed the scaled leg dimorphism values for hind, mid and front legs in each sex. 165
We then subtracted the male value from the female value such that higher positive values of leg 166 dimorphism indicate more pinnation on female legs for that species. Similarly, to quantify wing 167 size dimorphism within each species, we took the square root of wing area and standardised by 168 thorax length for each species. We subtracted the male value from the female value to compute 169 an index of wing size dimorphism for each species. 170
We constrained the dimorphism measures of legs and wings to positive values because 171
we are interested only in sexual ornament expression (rather than other causes of leg 172 dimorphism) and within these species none of the males are ornamented. Therefore, negative 173 values of leg dimorphism are presumed to be unrelated to ornamentation. The decision to use 174 only positive dimorphism (female-biased) values did not qualitatively affect our analyses, results 175 or interpretations. Finally, we summed continuous measures of leg and wing dimorphism to 176 produce a 'total ornament' measure for each species that we used for our ornament measure in 177 the analyses described below. 178
Wing colour and inflatable abdominal sacs as female ornaments were not measured as 179 continuous traits in this study. We scored wing colour and abdominal sac ornaments as binary 180 (present/absent) traits based on descriptions from the literature (Collin 1961; Cumming 1994) . 181
We mapped these discrete traits on to the phylogeny for illustrative purposes, but because of 182 their rarity within our samples and the difficulties in quantifying their expression in the field and 183 across species, we did not include binary ornamentation traits from wing colour or abdominal air 184 sacs in our continuous measures of 'total ornament' described above. 185
To estimate morphological changes reflecting increases in sperm competition that may 186 arise from heightened polyandry, we dissected and measured the two-dimensional area of the 187 testes for ten males per species. We standardized mean testis area by dividing by an individual 188 male's thorax length (as a proxy for body size) to produce a relative testis size measure for each 189 male. We then took the mean relative testis size of all ten males to use as a species estimate. 190
OSR measurements 191
We estimated the OSR in each species as the number of males swarming divided by the 192 total number of swarming flies. Previous work suggests that mating swarms are often 193 predictable and occur at the same swarm marker for the duration of a swarming season (Funk 194 and Tallamy 2000; Svensson and Petersson 2000) , and that the mating swarm OSR can vary 195 both spatially and temporally (Funk and Tallamy 2000; Svensson and Petersson 2000; Wheeler 196 2008; Murray et al. 2017 ). We measured multiple swarming events in several species to 197 capture some of the spatial and temporal variation, and to account for sampling error that is 198 especially notable in smaller swarms. In our analyses we computed OSR as a measure of 199 contest intensity in several ways: by summing the total number of swarming OSR tallies for 200 males and females across all swarming events (to derive an "overall swarm sex ratio"), by 201 taking the mean proportion of males across swarming events (i.e., considering each swarm as 202 an independent sample unweighted by swarm size), or by weighting swarms according to the 203 number of swarming flies (to account for the fact that variance is inversely proportional to 204 sample size for binomial samples). Ultimately, we found no qualitative difference in the results 205 regardless of how we summarize our OSR data. The MCMCglmm package in R (Hadfield 2010; 206 R Core Development Team 2014) does not allow for a 'weights' argument (as in the lme4 library 207 (Bates et al. 2014 )) to account for swarm size. Therefore to account for phylogenetic 208 uncertainty using the MCMCglmm package and the number of animals that were measured to 209 make up each mating swarm sex ratio, below we present analyses that use the summed the 210 total number of swarming OSR tallies across each swarming event for each species. 211
Sequencing of CAD for phylogeny estimation 212
To estimate the evolutionary relationships amongst the 18 fly species of interest for this 213 study, we chose the phylogenetic marker gene CAD ( denaturation at 94°C followed by 4 cycles of 94°C for 30s, 52°C for 30s, 72°C for 2m, 6 cycles 229 of 94°C for 30s, 51°C for 30s, 72°C for 2m, and 36 cycles of 94°C for 30s, 45°C for 20s, 72 °C 230 for 2m30s. PCR amplicons were visualised on 1% agarose gels to ensure that the PCR was 231 successful and generated only a single band. Each PCR fragment was directly sequenced on 232 both strands on an ABI 3730 capillary Sanger sequencing instrument at the Edinburgh 233 Genomics Sequencing facility (Edinburgh, UK). We assembled the forward and reverse strands 234 using Sequencher 4.7 and edited chromatograms manually to ensure that all base calls, and 235 variant sites were reliably scored. We also included the partial CAD sequence of Hilara lugubris, 236
which is the only Empidinae species in NCBI Genbank identified to the species level (accession 237 number: DQ369299.1). Our outgroup was Heterophlebus versabilis (accession number: 238 HM062728.1) from the related Empididae subfamily, Trichopezinae. This outgroup was chosen 239 because it is closely related to Empidinae based on previous phylogenetic work on the 240 Empidoidea (Moulton and Wiegmann 2007). In addition, the uncorrected pairwise genetic 241 distance between Heterophlebus versabilis and each ingroup sequence was always greater 242 than the genetic distance between any pair of ingroup sequences. We aligned all the sequences 243 using their translated amino acid sequences in MUSCLE v 3.8.31 (Edgar 2004 ) before back 244 converting to a DNA alignment. 245
Phylogenetic Inference 246
We conducted a Bayesian MCMC phylogenetic analysis of CAD sequences in MrBayes v 247 3.2.4 (Ronquist et al. 2012 ). Because the CAD sequence we analysed is protein coding, we 248 used a 'codon' model of evolution to capture the heterogeneity of mutation rate and selective 249 constraint on sites across the sequence. We also ran simpler models to ensure that we had not 250 over-parameterised the model; we ran one model in which the first, second and third codon 251 positions were partitioned (parameter estimation for each partition was unlinked) and another 252 model where there was no partitioning of sites. For each model we allowed MrBayes to select 253 the best base substitution scheme with a reversible jump MCMC (nst =mixed). We compared 254 the fit of the models by approximating the marginal likelihood with the stepping stone estimator; 255 these marginal-likelihoods were then evaluated using Bayes factors to assess the fit of the data 256 to the three models. For each model we ran three independent runs for 3.5 million cycles, each 257 with four Markov chains. We allowed for a burnin such that the average standard deviation of 258 split frequencies dropped below 0.01 before we began sampling (burnin = 0.5-1.5 million). To 259 ensure convergence, we checked that Potential Scale Reduction Factor (PSRF) for all 260 parameters converged to 1.0 and that the average Estimated Sample Size (ESS) for all 261 parameters exceeded 200. To account for uncertainty in the phylogenetic tree in our statistical 262 analysis, we randomly sampled 1300 topologies from the posterior probability of trees (see 263 below). 264
For simplicity, we mapped binary ornament traits (see Table 1 ) onto the consensus tree 265 by delineating the most parsimonious transitions in character states. We note that using binary 266 characters is an oversimplification of the data because even between closely related species 267 that share the same 'type' of ornament, there can be substantial variation in ornament 268 expression. In all statistical analyses described below, we use only continuous measures of 269 ornamentation. 270
Statistical analyses 271
All statistical analyses were carried out in R (R Core Development Team 2014). Within 272 each species, all continuous morphological traits were standardized (by subtracting the mean) 273 and scaled (by dividing by two standard deviations) so that each trait was measured on a 274 common scale (Gelman and Hill 2007) . The OSR was measured as the logit-transformed ratio 275 (Warton and Hui 2011) of the proportion of males in the mating swarm. 276
We employed a standard comparative approach (Felsenstein 1985; Harvey and Pagel 277 1991) to test for an effect of contest intensity (as measured by OSR) on female ornamentation 278 and whether the degree of female ornament expression covaried with male relative testis 279 investment. We used MCMCglmm (Hadfield 2010) to perform comparative analyses using 280 phylogenetic mixed models. We fit two models that initially included fixed effects and their 281 quadratic terms: one with continuous measures of 'total ornamentation' as a response (sum of 282 leg and wing size dimorphism described above) and mean-centred OSR and OSR 2 as fixed 283 effects, and one model that fit testis size as the response predicted by continuous measures of 284 female-specific ornamentation; we did not include OSR measures in our second model (looking 285 for association between polyandry and female ornaments) because our a priori prediction was 286 that ornaments should mediate any relationship between the OSR and testis size, and we 287 wanted to avoid interfering with estimates of that relationship by including a collinear predictor. 288
We fit quadratic terms for sex ratio because contest intensity is predicted to select for ornament 289 expression primarily for the supernumerary sex: as swarms become female biased, we expect 290 ornaments to evolve through female contests for males and their nuptial gifts. However, as the 291 swarm sex ratio becomes male-biased, we predict selection for ornaments to disappear 292 because all females should be able to find mates; the degree to which the swarms are male 293 biased need not covary with ornament expression in this case, since no ornaments are 294 predicted for any male-biased swarm sex ratio. To test for the effect of phylogenetic ancestry, 295
we calculated the phylogenetic heritability (an analogue to Pagel's lambda), which estimates the 296 proportion of between-species variance explained by the phylogeny (Hadfield 2010) . 297
To correct for uncertainty in the phylogeny during our comparative analysis, we 298 marginalized over the posterior distribution of trees created during phylogenetic inference 299 above. We sampled a tree at iteration t, ran 1000 iterations of the MCMC comparative analysis 300 and then saved the last MCMC sample. The values from the variance components in the saved 301 MCMC sample were then used in the analysis for starting values at iteration t+1 and a new tree 302 from the posterior distribution was taken. This process was repeated 1300 times (i.e. using 303 1300 trees randomly sampled from the posterior probability of trees) and the first 300 iterations 304 were discarded as burn-in, as in (Ross et al. 2013 ) while retaining a sample size of 1000. 305
Our MCMCglmm models assumed a Brownian model on the logit probability scale for the 306 phylogenetic effects (Hadfield 2010) . We corrected for phylogenetic non-independence by using 307 the CAD phylogeny as a random effect and the tree sampling method described above. For all 308 models we used a weakly informative parameter-expanded prior. We report the significance of 309 our fixed effects as pMCMC, which is twice the posterior probability that the estimate is positive 310 or negative (whichever is smallest), and can be considered the equivalent of the frequentist p 311 value (Hadfield 2010) . 312
Results
313
Morphological traits and operational sex ratio 314
We measured the OSR, two continuous measures of female ornamentation (legs and 315 wings), four binary female ornaments and relative testis size across 18 Empidinae dance fly 316 species (Table 1) . We found 11 female-specific ornaments among seven dance fly species (the 317 remaining 11 species showed no female ornamentation). The number of mating swarms we 318 sampled per species varied from 2 to 50. Mean OSR measures ranged from very female biased 319 (e.g. Rhamphomyia longicauda: 0.24) to very male biased (e.g. R. longipes: 0.71). Similarly, 320 standardized leg and wing dimorphism measures ranged from male biased in some species to 321 very female biased (e.g. legs: R. longicauda; Figure 1 ; wings: E. borealis; Figure 2 ). Relative 322 testis size was also variable with a 3-fold increase between the smallest (R. crassirostris) to the 323 largest (E. aestiva) species measures. 324
Empidinae phylogeny 325
We successfully amplified and sequenced the partial CAD coding sequence for all species 326 included in this study. The chromatograms of E. stercorea and R. stigmosa were truncated and 327 therefore only partial sequences were included (478bp and 734bp, respectively). All ambiguous 328 bases were marked with an 'N' to avoid poor quality nucleotide calls influencing the phylogeny. 329
The alignment of sequences was straightforward with a single 6bp deletion in the ancestor of 330 the Hilara species included in our study. We assessed three models of sequence evolution, and 
Comparative analysis 352
If the evolution of female-specific ornaments coevolves with the strength of competition for 353 access to males (or their nuptial gifts), we predicted that increased female ornamentation should 354 positively covary with an increase in female-biased OSR. We fit a phylogenetically controlled 355 generalised linear mixed effects model, with total ornamentation (the sum of wing and leg 356 dimorphism indices obtained for each species) as the response, OSR and OSR 2 as fixed effects 357 and the phylogeny as a random effect. We found a significant linear (pMCMC=0.018) and 358 quadratic (pMCMC=0.026) association between OSR and female ornamentation after correcting 359 for phylogeny (Table 2) : the linear term indicates that as predicted, species with more female-360 biased swarms had higher levels of ornament expression, while the negative quadratic term 361 indicated a gradual reduction of this effect as the swarm sex ratio approached 0.5. For male 362 biased swarms (OSR >0.5) there was no discernible relationship between the sex ratio and 363 ornament expression ( Figure 4) . We calculated the phylogenetic heritability (analogue to Pagel's 364 lambda) as 0.25, indicating a low degree of phylogenetic structure in ornamentation after 365 accounting for variation in OSR measures. The above analysis assumes that the predictors are 366 sampled without error because the MCMCglmm package does not allow for a weighting of the 367 fixed effects (i.e. by number of swarms sampled or sample size within each swarm for our OSR 368 measures). To verify that our estimates were not biased by this assumption, we fit a GLMM in 369 the lme4 package and included number of swarms sampled and separately, number of 370 individuals, per species as 'weights' arguments in the models. The results of both models were 371 qualitatively similar (data not shown) to the phylogenetically controlled model. 372
We tested for an association between female ornaments and male testis across dance fly 373 species. We hypothesized that heightened ornament expression to attract males (Murray et al. 374 2018) might signify a greater level of polyandry, which would in turn select for sperm 375 competition traits in males. We fit a MCMCglmm mixed model with relative testis size as the 376 response, and continuous measures of female leg and wing dimorphism as fixed effects; the 377 quadratic term for ornament expression was removed during model simplification. We also fit 378 phylogeny as a random effect. We found that, as predicted, female ornament expression and 379 relative testis size had a significant positive linear association (pMCMC=0.020). We calculated 380 the posterior probability of phylogenetic signal (mixed model equivalent of Pagel's lambda; 381 (HADFIELD and NAKAGAWA 2010)) as 0.28, once again indicating a low degree of 382 phylogenetic structure in relative testis size after accounting for variation in ornamentation 383
measures. 384
Discussion 385 Dance flies from the subfamily Empidinae display highly variable female sexual 386 ornaments, ranging from species with multiple female-specific ornaments to those that display 387 very little dimorphism in secondary sex characters (Figure 1, 2) . We set out to test two biased OSR) covaries with elaborate female ornament expression, and (2) female ornament 390 expression covaries with polyandry (as measured by relative testis investment). Our phylogeny 391 of 22 species supports multiple origins of female-specific ornaments across species (Figure 3 ) 392 in line with previous assessments (Cumming 1994; Watts et al. 2016) . Comparing taxa in a 393 phylogenetic context we found that (1) pre-mating contest intensity covaried with the degree of 394 female ornamentation and, in line with predictions, only when mating swarms were female-395 biased (Table 2, Figure 4) , and (2) that increased female-specific ornamentation positively 396 covaried with polyandry (inferred from male relative testis investment; Table 3, Figure 5 ). 397
Empidinae phylogeny supports multiple origins of female ornaments 398
Our phylogeny is consistent with a recent, broad scale tree of the empids (Watts et al. clade distinct from Hilara. We also find that there are multiple independent transitions, both 403 from unornamented ancestors to extant taxa with one or multiple female-specific ornaments, 404 and within each ornament class (pinnate leg scales, abdominal sacs and wing size and colour 405 dimorphism; Table 1, Figure 3 ) It is important to note that this tree represents only a small 406 fraction of the species diversity in the Empidinae (Watts et al. 2016 ) and more complete 407 taxonomic sampling could alter the mapping of these traits and our inferences about how many 408 times ornamentation has evolved (see review by Nabhan and Sarkar 2012). However, given 409 that we report four distinct sexually dimorphic traits that all appear to have arisen independently, 410 it seems likely that female-specific ornamentation has arisen multiple times within the dance 411 flies. In addition, the pinnate scales of R. longicauda and R. tibiella, which appear as separate 412 transitions, are morphologically distinct and unlikely to be homologous traits (Collin 1961) ; 413 Figure 1 ). Indeed, even for R. longipes and R. albohirta, which our tree identifies as sister 414 species that share the same origin of leg pinnation (Figure 3) , the degree of ornamentation is their hind and mid legs (Collin 1961) . Therefore, by simplifying continuous ornamental traits into 417 binary characters on the phylogeny we are being conservative in estimating the extent of 418 ornament evolution in the dance flies. Indeed, given the variation in traits coded as the same in 419 Table 1 and Figure 3 , it is likely that each class or ornament is quite labile through evolutionary 420 time. A complete comparative analysis with more thorough phenotypic sampling of the Empis 421 and Rhamphomyia clade would provide valuable insights into the evolution of different forms of 422 female-specific ornamentation. 423
Female-biased contest intensity and female ornamentation 424
For the first time, we combine phylogenetic analyses with observations of swarm 425 attendance by males and females to estimate female contest intensity and its role in driving 426 ornament expression. We found a significant nonlinear relationship between the amount of 427 female-female competition for access to mates (as measured by the OSR) and the amount of 428 female-specific ornamentation (Table 2, Figure 4 ). Our results show that ecological processes 429 observable at the species level (contest intensity in mating swarms) reflect patterns at the 430 macroevolutionary scale: on average, species with more intense intrasexual contests for mates 431 possess more exaggerated female-specific ornaments. Furthermore, we document that this 432 relationship appears to be constrained to female-biased swarms: the relationship between 433 female contest intensity and ornament expression dissipates as the sex ratio approaches 0.5. 434
This finding is notable not least because recent work by Janicke and Morrow (2018) found no 435 evidence for nonlinearity in a deeper macroevolutionary analysis of how sex ratio covaries with 436 the intensity of sexual selection; clearly the prediction of nonlinearity can hold within some 437 groups even if it is absent across a wider survey of animals. 438
Our finding that female-biased OSR measures associate with female ornaments is 439 qualitatively similar to a study by Pomfret and Knell (2008) in male Onthophagus beetles; they 440 observed that an increase in intrasexual competition was associated with the presence of male 441 weaponry. Our study supports the idea that sexual selection on females can result in similar 442 outcomes to those observed in males (reviewed by Hare and Simmons 2018); females evolve 443 ornaments when they are involved in intense intrasexual competition. Interestingly, a recent 444 meta-analysis by Janicke and Morrow (2018) suggested that the OSR is a useful predictor of 445 the opportunity for sexual selection in males, but not females. Our findings differ from the meta-446 analysis results further because we found a low phylogenetic signal (0.25) for the relationship 447 between OSR and ornamentation, while their study found a strong phylogenetic signal (Pagel's 448 lambda: 0.42-0.95 depending on the metric of sexual selection measured (Janicke and Morrow 449 2018)). This difference in phylogenetic signal between studies might be related to the 450 evolutionary timescale of these studies (i.e. Empidinae subfamily compared to Animal kingdom), 451 and/or due to the variation of dance fly mating behaviour that makes these taxa more labile in 452 female ornamentation. 453
Operational sex ratio as a measure of contest intensity in dance flies 454
As measures of the OSR become increasingly biased toward one sex, the intensity of both assumption for the OSR to reliably indicate the intensity of sexual selection is that an increase in 461 the bias of the OSR increases mate monopolization by the more common sex (Emlen and Oring 462 1977) . However, mate monopolization, while potentially very important for male reproductive 463 success (but see Janicke and Morrow 2018), is unlikely to be tightly linked to female 464 reproductive success. Instead, females are more likely to be limited by access to resources than 465 sperm (Trivers 1972) . Male dance flies provide nutritious nuptial gifts to their mates at 466 copulation (Collin 1961; Cumming 1994) . Recently, Hunter and Bussière (Hunter and Bussiere 467 2018) showed that females of an ornamented dance fly species could only mature their eggs if species. Therefore, the sometimes-intense contests for mates we observe among females 470 (Table 1, Figure 4 ) are very likely associated with selection to obtain nutritious nuptial gifts to 471 promote ovarian maturation (Hunter and Bussiere 2018) . The skewed swarm sex ratios that 472 arise due to these contests therefore reliably predict the degree of female-specific 473 ornamentation in most (but not all) species; e.g. R. longipes appears as a clear outlier in our 474 dataset as an ornamented species with a strongly-male biased sex ratio (Table 1) , that 475 potentially represents a recent transition in mating system. 476
Female-specific ornamentation and male relative testis investment 477
Our study supports the idea that in dance flies there is a strong relationship between pre-478 mating sexual selection on females and post-mating sexual selection on males. We show that 479 taxa where females with more intense levels of contests for access to mates are more likely to 480 evolve attractive ornaments and mate with multiple males. We found a positive association 481 between female-specific ornamentation and male relative testis size across species (Table 3 , 482 Figure 5 ). One of the most consistently observed patterns relating to increased testis size is a 483 positive covariance with polyandry; to be more specific, testis size increases when females 484 mate with more than one male (Pitnick 1996 (2011), that may be interrelated, can account for the testis size-polyandry covariance. The 487 numerical sperm competition hypothesis posits that larger testes will allow males to produce 488 more sperm per ejaculate thus competing more effectively (Parker et al. 1997 ), while the male 489 mating rate hypothesis predicts that males with larger testes will be able to increase the number 490 of copulations they engage in. Further studies examining the relationship between ejaculate 491 investment, male mating rate and female ornamentation would be necessary to identify which 492 hypothesis is more likely to explain the relationship observed in the dance flies. Critically, male 493 dance flies are likely limited in how often they can mate by how quickly they are able to acquire 494 a new prey-item nuptial gift (Cumming 1994; LeBas et al. 2014 ) and return to the mating swarm 495 (See (Kokko et al. 2012) ). The 'time away' from the mating swarm that males require to collect 496 nuptial gifts could limit the likelihood that male mating rate is contributing to the increased 497 relative testis size observed in ornamented species of dance flies. 498
The existence of the relationship between increased female ornaments and increased 499 relative testis investment in dance flies is additionally notable because of the uncertainty in how 500 ornament expression covaries with female mating frequency. While female ornaments are 501 known to improve attractiveness in some species (Funk and Tallamy One possible explanation for the discrepancy between attractiveness and mating success in 505 dance flies is coevolutionary sexual conflict; ornamented females are eager to accept nuptial 506 gifts, while discriminating males are reluctant to mate with highly polyandrous females because 507 they pose an increased risk of sperm competition. Our results suggest that female ornaments 508 evolve in species with the highest mating rates whatever the current status of coevolution 509 between the sexes in any particular species. 510
Our work shows that female contest intensity covaries with female ornament expression 511 and that females with larger ornaments are likely polyandrous. Within the dance flies these 512 elaborate female traits appear to be highly labile; multiple evolutionary origins of variable sizes 513 and types of ornaments. Importantly, OSR predicts ornament expression even in systems with 514 female ornaments, but there might not be an overall sex difference in sexual selection because 515 the very process that favours ornaments in females also promotes postcopulatory sexual 516 selection in males. This key difference may help explain otherwise perplexing patterns that 517 emerge from comparisons across the animal kingdom 518 519 520 521 522 Tables   523  524  Table 1 
